1.  AGENCY  USE  ONLY  (Leave  blank) 

2.  REPORT  DATE 

October  2000 

REPORT  DOCUMENTION  PAGE 


Public  reporting  burden  for  this  cotiection  of  tnformatjon  is  estimated  to  average  1  hour  per  res^n^.  mc^dmg 
and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  reg 
information,  induding  suggestions  for  reduang  this  burden,  to  Washington  Headquarter^^e^  ^r^oi^e^ 


AFRL-: 


SR-BL-TR-00- 

C)Lq^ 


nng 

jite 


3.  REPOi 

■  Final  8/1/99 


_ _  vUVERED 

-  4/30/00 


4.  TITLE  AND  SUBTITLE 


5.  FUNDING  NUMBERS 


Feasibility  of  THz  Remote  Sensing  for  DoD  Applications 


6.  AUTHOR(S) 

F49620-99-1-0313 

Frank  C.  De  Lucia 

~  additional  input  submitted  by  Dr.  Simon  V erghese,  Lincoln  Lab 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

The  Ohio  State  University  Research  Foundation 

1 960  Kenny  Road 

Columbus,  OH  43210-1063 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

10.  SPONSORING/MONITORING 

AGENCY  REPORT  NUMBER 

Air  Force  Office  of  Scientific  Research 

801  N.  Randolph  Street 

Arlington,  VA  22203-1977 

11.  SUPPLEMENTARY  NOTES 


12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 


Unlimited  Distribution 


12b.  DISTRIBUTION  CODE 


13.  ABSTRACT  (Maximum  200  words) 

This  project  was  designed  to  identify  applications  of  THz  technology  of  potential 
interest  to  the  DoD  and  to  provide  a  technical  introduction  for  DARPA  personnel  to 
the  underlying  scientific  and  technical  issues.  The  final  report  begins  with  a 
discussion  of  the  physics  which  governs  the  interactions  between  radiation  and 
matter  in  the  THz,  with  emphasis  on  the  differences  between  low  pressure  gases, 
atmospheric  pressure  gases,  and  solids.  Atmospheric  propagation  is  considered  as  an 
example.  Two  specific  applications  were  developed  in  more  detail.  The  first  is  a 
concept  for  a  point  detector  of  gases,  which  is  based  on  the  absolute  specificity  of 
rotational  spectra  in  the  THz.  The  second  is  a  remote  detection  scheme  which  makes 
use  of  THz/IR  double  resonance.  The  former  is  based  on  well  understood  science  and 
the  risks  for  the  development  of  such  a  program  lie  in  the  trade-offs  against 
alternative  solutions  as  a  function  of  scenario.  Although  the  details  of 
application  scenarios  are  not  known  to  the  authors,  it  is  highly  likely  that  some  of 
them  are  very  favorable.  The  latter  is  a  high  risk/high  payoff  scheme  whose 
eventual  utility  depends  not  only  upon  application  scenario,  but  also  on  currently 
unknown  scientific  parameters  . _ - 


14.  SUBJECT  TERMS 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 


Unclassified 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 


Unclassified 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 


Unclassified 


15.  NUMBER  OF  PAGES 

19 


16.  PRICE  CODE 


n/a 


20.  LIMITATION  OF  ABSTRACT 


UL 


NSN  7540-01-280-5500 


Dnc  QUMJTY  DJCSSSSM)  4 


Standard  Form  298  (Rev  .  2-89) 

Prescnbed  by  ANSI  Std  239-18 


Feasibility  of  THz  Remote  Sensing  for  DoD  Applications 


A  Final  Report 

Submitted  to  Lt.  Col.  Gemot  Pomrenke 
Air  Force  Office  of  Scientific  Research  Foundation 


By 


The  Ohio  State  University 
174  W.  18**’  Avenue 
Columbus,  OH  43210 


October,  2000 


Point  of  Contact: 


Professor  Frank  C.  De  Lucia 
Physics  Department 
The  Ohio  State  University 
Columbus,  OH  43210 


Release 


Phone:  (614)  688-4774 
Fax:  (614)292-7557 
e-mail:  fcd@mps.ohio-state.edu 


Additional  input  has  been  submitted  by  Dr.  Simon  Verghese  of  Lincoln  Laboratory 


20010102  039 


INTRODUCTION 

A  convenient  organizational  paradigm  is  that  the  evaluation  of  any  spectral  region  for 
possible  application  can  be  divided  into  the  consideration  of  the  production  and  detection  of 
radiation,  the  propagation/transmission  of  the  radiation  from  source  to  detector,  and  the 
interaction  of  that  radiation  with  matter.  From  this  perspective  two  important  atobutes  mark  th 
THz  and  determine  both  the  current  state-of-the-art  and  what  is  ultimately  possi  e.  e 
difficulty  of  producing  THz  radiation  and  the  nature  of  its  atmosphenc  propaga  ion. 
is  discussed  in  a  companion  report  from  Simon  Verghese  of  Lincoln  Laboratory, 

Also  included  in  this  report  is  a  specific  discussion  of  gas  detection  in  the  THz  Because  the 
basic  resolution  limit  for  molecules  is  Doppler  broadening  (which  is  proportional  to 
Lers  of  magnitude  higher  resolution  is  possible  in  the  THz  region  than  in  the  infixed  or 
optical  A  result  of  this  is  that  the  complex  and  umque  rotational  'finger-pnnts  of  the  arge 
majority  of  gas  phase  molecules  can  be  resolved  and  the  observation  of  the  THz  Dopier  hmited 
spectra  results  in  an  absolutely  specific  identification  in  virtually  all  circums^ces.  However, 
be  Doppler  limited  in  the  THz,  the  pressure  must  be  ~0.1  Torr.  As  ^ 

pressure  THz  spectral  lines  (as  well  as  infrared  and  visible)  are  broadened  to  ~5  GHz  and  both 
specificity  and  sensitivity  are  lost.  Any  attempt  to  use  THz  techniques  to  detect  trace  gases  at 
atmospheric  pressures  must  address  these  issues. 

After  briefly  discussing  the  basic  physics  of  interactions  in  this  spectr^ 
atmospheric  propagation,  specific  examples  of  THz  molecular  spectra  will  be 
illustrate  specific  cases  of  interest.  Finally,  a  small,  fast,  and  ^ 

detector  that  has  a  well-defined  research/development  path  will  be  descnbed  along  wit^ 
s«cubuv=,  Ugh-risk  scheme  for  the  detecdoa  of  dace  gases  at  atmosphenc  pressure.  Beeause 
the  former  will  operate  at  low  pressure,  its  identifications  of  gases  will  be  quantitative  and 
virtually  absolutely  specific.  Because  of  its  use  of  a  time  resolved,  double  resonance  scheme, 
the  atmLpheric  pressure  remote  sensing  proposal,  while  not  absolutely  specific,  should  have 
much  higher  specificity  than  would  result  from  the  usual  spectroscopic  gas  detection  schemes  in 

the  atmosphere. 


I.  The  basic  physics 

We  will  begin  with  a  brief  review  of  the  basic  physics  of  the  interaction  of  THz  ^diation 
with  matter,  with  specific  examples  that  impact  sensors  and  remote  sensing.  Bec^se  the  natoe 
of  the  interactions  in  the  condensed  phase  and  the  gas  phase  are  fundamenmlly  different  we  will 
begin  by  discussing  them  separately.  To  a  very  good  approxim^on  the  interactions  of  THz 
radiation  with  gases  depend  upon  the  properties  of  the  rotational  quantized  states  of  molecules, 
while  those  in  solids  are  describable  classically  as  lossy  dielectrics. 


'Gases: 

1.  Individual  atoms  in  general  are  transparent  to  THz  radiation.  Their  electrOTic  energy 
level  differences  fall  in  the  optical  and  ultraviolet  and  their  nuclear  fine  and  hyperfme 
interactions  are  very  small  and  typically  occur  in  the  radio.  Furthermore,  there  are  few  free  g 
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phase  atoms  in  nature  and  this,  conpled  with  the  very  small  absorptions  at  radio  freqnencies, 
accounts  fonto  levels  and  interactions:  electromc  levels 

rettyTvTn—^^^ 

““2?  angular  "S" 

many  THz,  whereas  heavier  gases  like  Sann  have  peaks  “  TH^  This  is  dtscussed 

more  detail  in  the  attached  reprint  from  an  article  in  Ania/ynca/C/zemz5fry.  „ohthp 

2b.  Transition  Linewidths:  Of  special  significance  to  both  remote  sensing  ro 

1  j  (.u  „<;/»  of  TH7  radiation  for  molecular  detection  are  the  mechanisms  which 

Sn^erpecuXl™."^^^ 

and  Doppler  Ladening.  Doppler  broadening  arises  from  the  ® 

molecnles.  For  gas  phase  molecnles  near  mS  pressured 

hroadenincj  to  the  transition  frequency  IS  ~10  (~1UU  KHZ  ai  luu  unz,;.  ivi 

broadened^in  the  atmosphere  typically  have  widths  of  5  GHz.  Thus,  mo  ecu  ar  ines  in 
atmosphere  have  lines  that  are  typically  5000  times  broader  than  lines  in  a  spectroscopic 

Because  the  absorption  smengths 

of  rotational  transitions  can  be  linked  both  experimentally  and  theoreUcally  to  concenira&on, 
THz  rotational  spectra  also  provide  accurate  quantitative  measurements  of 

2d  Soectral  complexity/specificity:  It  is  sigmficant  that  many  (lO"  -  ICT)  rotational  le 

are  fhtrmLy  populated,  whereas  for  vibrational  and  electronic  levels  typically  ody  8^ 

stnte  is  poputeted  near  300  K.  This  results  in  great  romtional 

THx  Fipure  2  shows  (attain  on  a  compressed  scale  -  fewer  than  1/100  of  the  resoiuuon 
Imerns  cal^rp^^td)  ^'e  spectntm  of  A  between  200  and  3.»  GH.  Becenset^s  ts  a^^__ 
heavier  species  it  has  a  much  more  complex  and  dense  spectrum  than  y  P 

in  Fieure  1  However,  when  its  spectrum  is  blown  up  in  Figure  3  to  show  a  1  GHz  re„ 
(hem^the  Doppler  width  is  perhaps  1/5  of  the  width  of  the  plotted  line)  the  spectmm  once  again 

"Sy  empty,  nguee'd  shows  a  ICX,  GH^ 

molecules  are  lighter  much  empty  space  occurs  even  on  is  compr  p 
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examples  involving  heavier  species  with  denser  spectra  are  considered  in  more  detail  in  the 
attached  article  from  Analytical  Chemistry. 

Thus,  because  in  the  THz  so  many  resolution  elements  are  available  and  filled  by  the  rotational 
spectral  of  molecules,  even  in  complex  mixtures  absolutely  specific  identification  ai^ 
quantitative  analysis  are  possible  at  low  pressure.  This  is  a  unique  feature  of  the  THz  spectral 

region. 

2e  Atmospheric  Pressure:  Figure  5  shows  the  same  gases  as  Figure  1,  but  broadened  to 
the  ~  5  GHz  typical  of  pressure  broadened  lines  in  the  atmosphere.  Comparison  to  l-  igure  1 
shows  that  the  absorption  strengths  are  essentially  the  same,  but  that  the  ~10  resolution  elements 
have  been  reduced  to  -100.  Figure  6  is  the  same  as  Figure  5  except  that  a  real  standard 
atmosphere  has  been  included.  In  this  graph  water  has  been  increased  from  1  ppm  to  ~1%  (7 
Torr  partial  pressure)  and  an  empirical  continuum  (see  below)  included.  Note  Aat  the 
absorptions  of  the  trace  gases  have  not  been  reduced,  but  rather  they  are  overwhelme  y  e 
absorption  of  the  abundant  water  (1%)  and  oxygen  (20%).  The  impact  of  the  real  atmosphere  on 

trace  gas  detection  thus  has  two  elements:  .  ,  .t,tt  r-  •  j 

i  The  absorption  that  reduces  the  probe  signal,  especially  at  the  higher  THz  frequencies,  and 

ii.  The  fluctuations  in  the  probe  signal  due  to  atmospheric  fluctuations  (which  are  largely 
unknown  and  unstudied,  but  which  probably  occur  on  a  meteorological  time  scale  (»  1  ms)). 

On  this  time  scale,  these  fluctuations  will  dominate  by  many  orders  of  magmtude  the  system 
noise,  which  is  off  of  the  bottom  of  this  chart  by  perhaps  5  decades.  Below,  we  will  propose  a 
high  risk  'double  resonance'  modulation  scheme  to  overcome  this  problem  as  well  as  to 
significantly  increase  specificity. 

3.  THz  compared  to  IR:  Although  not  specifically  an  issue  here,  it  is  useful  to  make  a  bnef 
comparison  with  infrared  interactions: 

a.  The  pressure  broadening  is  wavelength  independent  -  thus  lines  which  are  pressure 

broadened  have  widths  which  are  independent  of  spectral  region.  t..  r  i-,  i 

b.  Doppler  broadened  lines  have  widths  proportional  to  the  frequency.  Thus  for  Doppler 
broadened  lines,  THz  lines  are  typically  100  times  narrower  than  infrared  lines. 

c.  At  atmospheric  pressure,  pressure  broadening  is  dominant  in  both  the  THz  and  the  IK, 

resulting  in  similar  linewidths.  *  .u 

d.  In  a  point  sampling  system,  it  is  advantageous  to  adjust  the  pressure  so  mt  the 

Doppler  limit  is  reached.  This  results  in  about  100  times  narrower  linewidths  for  THz  systems. 
This  factor  of  100  is  significant  because  for  many  gases  of  'detection  interest  the  hig  y  speci  ic 
rotational  "fingerprint"  which  is  unresolvable  in  the  IR,  becomes  resolvable  in  the  THz. 

e.  Although  it  varies  enormously  by  molecular  species,  absorption  strengths  are  si^ar 
in  the  THz  and  the  IR.  The  IR  photons  and  population  differences  are  larger,  whereas  the  THz 
quantum  mechanical  transition  moments  are  larger. 

Solids: 

We  will  comment  only  briefly  on  solids  because  from  the  point  of  view  of  the  basic  physics 
that  impacts  remote  sensing  in  the  THz  they  are  'uninteresting'.  This  is  not  to  say  that 
interactions  with  solid  are  'unimportant'  for  remote  sensing  in  the  THz,  but  rather  that  remote 
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sensing  depends  on  the  complexity  of  the  physical  situation  (e.  g.  the  shape,  distnbution,  and 
water  content  of  leaves  or  of  particles  in  'dry-wall')  rather  than  the  details  of  quantum  physics. 

To  a  good  approximation,  in  the  THz  solids  are  characterized  by  their  classical  Electricity 
and  Magnetism  properties  (i.  e.  their  complex  dielectric  constants).  Metals  are  good  reflectors, 
and  many  plastics  and  other  non-conductors  are  relatively  low  loss  dielectrics.  A  surprising,  but 
illustrative  example  is  the  fact  that  while  quartz  is  an  extremely  low  loss  dielectric  at  THz 
frequencies,  ordinary  window  glass  is  rather  lossy  (~50%  for  1/8").  It  is  also  noteworthy  that 
while  in  the  infrared  painted  metals  have  reflective  properties  largely  determined  by  the  nature  of 
the  paint,  in  the  THz  most  paint  is  transparent  enough  that  the  reflective  properties  of  painted 

metals  are  largely  that  of  the  underlying  metal. 

The  scattering  properties  of  solids  in  the  THz  are  important.  Briefly  stated,  for  wavelengths 
long  in  comparison  to  particle  size,  radiation  propagates  largely  unscattered;  whereas  for 
wavelengths  small  in  comparison  to  particle  size,  significant  scattering  occurs.  For  the  classic 
case  of  atmospheric  propagation,  THz  waves  are  largely  unscattered  by  fog,  dust,  and  smoke 
(which  severely  scatter  infrared  and  optical  radiation),  but  heavy  rain  impacts  propagation  well 
into  the  microwave  region.  It  is  this  ability  to  penetrate  obscurants  which  have  led  over  the  years 
to  many  of  the  applications  which  have  been  envisioned  for  millimeter,  submillimeter,  near 
millimeter,  and  terahertz  technologies. 

It  is  also  probably  worth  noting  that  it  is  often  easy  to  mix  (both  experimentally  and 
conceptually)  the  effects  of  scattering  and  the  effects  of  attenuation.  As  an  example,  consider  (1) 
an  object,  (2)  a  scattering  medium  such  as  frosted  glass,  and  (3)  an  observer.  If  the  frosted  glass 
is  placed  immediately  over  the  object  and  far  from  the  observer,  little  image  resolution  or 
intensity  is  lost.  However,  if  the  frosted  glass  is  placed  inunediately  in  front  of  the  observer,  the 
image  is  completely  lost.  This  has  impact  on  schemes  involving  'seeing'  through  clothes  (easy, 
because  the  scatterer  is  next  to  the  object)  or  walls  (highly  scenario  dependent,  because  of  the 
variable  locations  of  the  scatter  between  the  object  and  the  observer). 

II.  An  Example,  Atmospheric  Propagation; 

It  is  convenient  that  the  atmospheric  propagation  shown  in  Figure  6  is  both  important  to  this 
study  and  can  serve  as  an  excellent  illustration  of  much  of  the  basic  physics.  Figure  7  shows  a 
more  general  atmospheric  propagation  plot  which  includes  infrared  and  optical  frequencies  as 
well  as  the  effects  of  scatterers  such  as  rain  and  fog.  This  plot  was  originally  drawn  by  hand  by 
Bobby  D.  Guenther  of  the  Army's  Missile  Conunand  in  Huntsville  in  the  late  1970s. 

Comparison  of  the  two  shows  a  few  differences.  The  logarithmic  plot  of  frequency  in  Figure  7, 
made  it  difficult  to  accurately  hand  draw  the  linewidths  (which  should  stay  at  a  constant  width  of 
~5  GHz  from  the  microwave  through  the  THz).  This  makes  the  widths  of  the  THz  windows 
appear  much  narrower  than  they  really  are.  Secondly,  an  order  of  magnitude  was  lost  m  the 

drawing  process  for  the  strongest  absorbers  in  the  THz  region. 

It  is  important  to  realize  that  the  attenuation  shown  on  the  vertical  of  both  graphs  is  in  effect 
plotted  as  the  log  of  a  logarithmic  measure.  As  a  result,  seemingly  small  changes  are  in  fact  very 
large, 

1.  The  states  of  water:  Most  of  the  attenuation  in  the  THz  region  can  be  attributed  to  water 
or  oxygen.  A  large,  controversial,  and  in  many  cases  unreliable  literature  exists  about  the  role  of 
water  and  the  possible  forms  in  which  it  may  exist  in  the  atmosphere.  Gas  phase  water  consists 
of  individual  molecules  which  collide  with  other  atmospheric  constituents  at  a  rate  of  ~10  /sec. 
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The  absorption  due  to  this  water  is  calculated  quantum  mechanically  as  discussed 
foa  consists  of  droplets  of  water.  In  these  droplets,  there  is  no  molecular  rotation^  In  this  c^e 
the  Dhvsical  size  of  the  droplet  gives  rise  to  a  scattering  process  which  is  governed  by  classical 
etSy  ld  magnedsm  calculations.  The  basis  result  of  this  is  te  well  known  resu  t  that 
radiation^of  wavelength  longer  than  the  particle  size  passes  through  the  droplet  with  litUe 
catt  ^  radiation  whose  wavelength  is  comparable  or  shorter  than  die  droplet  size  is 

severe^^s’cattered.  The  transmission  in  the  important  window  regions  is  much  less  than  wou  d 
be  calcLted  from  well  founded  theory.  As  a  result  a  host  of  mutually  exclusive  explanati 
have  been  put  forth  to  explain  the  'anomalous'  absorption  and  included  m  this  h^ost  are 
expLnarons  based  on  otL  possible  states  of  water.  Most  prominent  among  these  exp  Wions 
are  those  involving  dimers,  trimers,  etc.  Although  beyond  the  scope  of  this  paper,  we  would 
urge  that  any  work  undertaken  related  to  this  path  of  investigation  be  done  with  caution  and 

full  revmw  ^Hz  region  all  of  the  peaks  of  absorption  shown  can  be 

attributed  to  either  watervapor  or  oxygen.  For  a  strong  rotational  interaction  with  radiation,  a 
molecule  must  have  a  permanent  electric  dipole  moment.  Neither  of  the  major  con^ituents  of 
r  atmosLre  N,  or  O.  have  electric  dipole  moments  because  of  their  symmetry.  However,  O, 
Ifan  rpoLt  oddity  in  that  it  is  one  of  the  few  stable  molecules  with  a  dipole 

moment  which  gives  rise  to  a  weaker  rotational  interaction. 

As  noted  above,  the  strengths  of  molecular  interactions  increase  rougldy  as  the  squ^e  of  the 
freq^nT  It  can  be  seen  that  even  in  the  complexities  of  the  real  atmosp^e-  that  t^s  trend  is 
folkiwed^  Again,  as  noted  above,  there  is  a  maximum  (which  for  the  smaMight  H,0  is  at  a 
fairly  hi^h  THz  frequency)  before  the  exponential  decline.  Although  complex  in  detail,  for 
pXoses  of  .L  study  it  should  be  noted  thatall  of  the  linewidths  are  due  to  pressure  broadentng 
L7areabout5GHz.  The  logarithmic  plot  distorts  this  somewhat.  ThelmewidAs  of  the 
rotational-vibrational  lines  in  the  infrared  are  also  of  similar  width,  but  the  loganthimc  plot 
merges  all  of  the  individual  lines  together  and  each  of  the  plotted  peaks  are  much  wider 
vibrational  band  contours,  each  of  which  contains  many  rotational  lines. 

3.  Scattering:  Also  plotted  in  this  figure  are  attenuatious  due  to  vanous  rainfall  rates  and 
foc^.  While  in  principle  these  are  straightforward  classical,  calculations,  there  is 
possible  variation  in  the  particle  size  distributions  for  fog  and  ram  and  these  graphs  should  be 
considered  only  as  indicative  of  the  range  of  possible  results. 

m.  The  Detection,  Identification,  and  Quantification  of  Gases  via  THz  Techniques 

The  smdy  of  molecular  gases  was  the  first  application  of  submillinieter  waves  is  still  by 
far  the  largest  application  of  this  spectral  region,  having  been  expanded  from  the  laboratory  to 
include  remote  sensing  of  molecules  in  the  upper  atmosphere  and  the  interstellar  medium.  Th 
reasons  for  the  importance  of  submillimeterfTHz  molecular  spectroscopy  include  the  ve^  stron„ 
interactions  between  submillimeter  radiation  and  molecules  and  the  small  Doppler  broadening. 
The  latter  gives  access  to  the  highly  specific  and  scientifically  informative  rotational  energy 

^^^'irtlTrn^^theL^s^pectros^^  interests  have  driven  the  development  of  most  of  the  technology 
which  is  currently  used  in  the  submillimeteryTHz  region  to  make  scientific  measurements  or 
technoloaical  observations.  This  is  no  accident  because  the  need  for  sensitivity,  high  resoluti  , 
and  above  all  a  practical  technology  is  very  high  in  molecular  spectroscopy. 
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However,  it  is  well  known  that  the  submillimeter/THz  is  a  difficult  region  tecl^ologically 
(primarily  to  the  development  of  sources)  and  this  difficulty  has  precluded  its  wide  spread  use 
beyond  the  bounds  of  a  relatively  small  community  driven  by  particular  scientific  or 
technolooical  interests.  While  it  is  beyond  the  bounds  of  this  report,  it  must  be  mentioned 
for  many'applications  the  current  technological  limits  are  not  placed  by  fund^ental  physical 
limits  but  rather  from  the  small  market  precluding  the  mass  production  of  technologies  which 
have  been  known  for  many  decades.  The  most  notable  example  is  the  development  of  exquisite 

Backward  Wave  Oscillators  (BWOs)  by  the  Russians,  for  whom 

Below  we  will  discuss  two  approaches  to  the  use  of  the  submillimeter/THz  for  „as  detectio  . 
The  first  is  a  point  detector.  It  is  firmly  based  on  many  years  of  submillimeter  spectroscopic 
Lo^edae  provides  absolutely  specific  detection  of  gases  via  the  low  Pressure  rotaU^ 

fingerpriM  of  gLs  in  the  THz.  The  new  element  which  m^e  GHt^i'd  itoble 

source  developments  (currently  market  driven  and  mass  produced  at  -100  GHz  and  realizable 

but  not  yet  to  mass  market  ones  to  -500  GHz),  and  (2)  a  conceptual  development 
L  tradUional  slow  and  complex  phase  lock  loop  technology  with  a  fas  scan  and  digitization 
scheme  (see  the  description  of  the  FASSST  system  in  the  attached  article). 

The  second  is  a  remote  detector.  It  is  based  on  the  modulation  of  the  J^rget  gas  via  a  do 
resonance  scheme  with  a  CO.  TEA  laser  pump  and  THz  probe.  While  each  of  the  elements  in 
the  proposed  scheme  can  be  calculated,  the  parameter  space  in  which  it  would  operate  is  many 
orders  of  magnitude  away  from  any  experimental  base  and  this  scheme  shou  e  consi  ere 

■hioh-risk'.  The  double  resonance  plays  two  roles;  (1)  to  provide  a  modulation  to  Ae  g 

sio^nature  which  will  allow  its  separation  from  the  much  larger  vanations  associated  with 

atmospheric  fluctuations,  and  (2)  much  higher  specificity  by  adding  . 

laser  is  tunable  and  the  ir  pump  absorptions  are  a  function  of  frequency)  and  the  molecular 
relaxation  signatures  to  the  THz  absorption  spectrum  signature.  The  resulting  signature  space  is 
dimensional  and  thus  contains  many  more  elements. 


A.  Point  Detection  ,  , 

The  Doppler  limited  spectra  (linewidths  of  -  1  MHz)  of  gases  in  the  THz  is  f^olutely 

SDCcific  even  in  relatively  complex  mixtures.  Additionally,  because  the  interactions 

THz  radiation  and  molecules  are  so  strong  in  the  submillimeter,  such  a  point  detector  can  be  very 
sensitive.  This  can  be  seen  from  the  discussion  above  and  is  discussed  in  more  detail  in 

attached  article  from  A7if3/ynca/ C/iemwrry. 

Briefly  put,  the  proposed  scheme  is  to  develop  compact  (  a  few  in  ),  low  power  consumption 
(3  V),  and^p^otentially  very  low  cost  ($100  -  $1000)  versions  of  the  BWO  based  system  that  was 

the  basis  for  the  article  in  Analytical  Chemistry.  * 

Figure  8  shows  a  'brass  board'  version  of  such  a  system.  In  this  prototype  system,  the 
molecular  absorption  cell  would  be  milled  into  a  solid  block  of  me^l  of  d.rnens.ons  ~10  cr^  x  10 
cm  X  1  cm.  By  meandering,  the  cell  could  have  an  absorption  path  length  of  -  1  ra.  A  sm 
pump  would  reduce  the  pressure  to  -0.1  Torr  and  standard  preconcentration  schemes  <<> 

L  atmospheric  oxygen,  nitrogen,  and  perhaps  water  could  be  used  to 

some  cost  in  size  and  complexity.  The  detector  output  could  either  be  dtgihzed  and 

board,  or  direcUy  telemetered  (  a  1  MHz  rate  would  be  standard,  but  rates  as  low  as  ~10  kHz  are 

probably  viable)  to  a  central  location. 
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The  source  and  detector  modules  are  much  smaller  than  the  cells  ^d  would  be  attached 
directly  to  the  input  and  output  of  the  molecular  absorpUon  cells.  Ratter  than  the 
DhS  lock  methodology,  the  gas  detector  would  operate  as  the  FASSST  system  descnbed  m  the 
archerin  to  ^heme  freqLcy  calibration  (to  1/10=  or  1/10«)  is  done  m  softw^e,  based  on 
the  approximately  known  (~1%)  frequency/voltage  charactenstic  of  the  source  and  calibra  ion 
toXown  spectral  hues  (in  some  applications  a  second  cell  for  the  cal, brat, ng  gas  would  be 

With 'current  commercial  components,  the  low-end  version  would  be  based  on  an  -ICO  GHz 
source  that  has  been  developed  either  for  the  collision  -oidance  or  wireless^^^— 

marketSe  A  m,«e«l  atmospheric  communities  or 

fbrL°d  band  (-100-600  GHz)  photomixer  source  developed  in  parallel  «  Uncdn 

louldtve  capllities  similar  to  those  described  in  tte  attached  artcle.whtle  the  frequency 
restrictions  of  the  low-end  system  would  reduce  its  generality  and  sensitivi  y. 

B.  Remote  Detection 

The  challenges  associated  with  spectroscopic  remote  f  ^ 

Doint  detection  primarily  because  of  the  much  greater  linewidth  (-5000  ^z)  associ 
aZspheric  pressure  brLdening.  This  greatly  reduces  the  specif,city  of  spectrosc^.c 
techniques  in  all  spectral  regions.  At  least  as  importantly,  it  makes  the  smaU  abso^ 
associLd  with  trace  concentrations  difficult  to  separate  from  atmosphenc 
be  noted  that  for  concentrations  defined  as  fractional  partial  pressures  (e.  g.  ppm),  the  ab^^ptio 
stren^  in  U,e  laboratory  at  low  pressure  and  the  field  at  atmosphenc  pressure  are  the  ^ame)  , 
Fieure  9  shows  a  double  resonance  scheme  based  on  a  CO^TEA  laser  P^mp  an  p  • 
in  Idfschcm^Twhich  is  in  cffec.  a  ve^  long,  very  high  P---  Oplicf ^ 

Laser)  the  pump  and  probe  are  copropagated  through  the  atmosphere.  If  the  TEA/aser  h 

tfough  pore”  o  satuL  tte  pum^  tosiuon  (which  for  ‘““rd  OT  TO  ttey  X)  tte 

at  low  pressure  and  hi^h  pressure  calculation  have  been  made  (CH3CI  and  CH3F))  y  ), 

™  absSn/emissron  is  modulated  on  the  rime  scale  of  the  atmosphenc  molecular  re laxatton 

(~i0  ‘“  s).^his  modulation,  whose  amplitude  is  the  same  order  of  magmtude  (or  f«rhaps  larger) 

than  the  trace  ^as  absorption,  is  on  a  time  scale  which  should  be  easy  to  separate  from 

atmospheric  fluctuations  and  other  clutter.  Although  I  know  little  about  radar  signal 

it  wodd  appear  that  there  is  a  great  similarity  between  this  signal  processing 

associated  with  short  pulse  radar.  Although  an  active  probe  based  on 

oassive  THz  detection  may  be  equally  favorable,  especially  for  sky  viewing  geometnes. 

^  (^e^^etn^  of  this  scheme  is  that  its  specificity  is  three-dimensional.  In 

addition  to  the  dimension  associated  with  the  THz  probe  frequency,  there  is  another  associated 
wi^  de  MrLd  pump  absorption  frequency  (the  TEA  laser  is  tunable)  and  a  tl-rd  associated 
with  the  molecule  specific  time  scale  of  the  molecul^  relaxation  P  ^ 

milse  to  the  THz  probe.  Figure  10  shows  an  example.  In  to  case  tte  CO,  TEA  p  P 

LouW  mod  ™e  .L  CH,CU ignature  near  266  GHz,  but  not  the  much  stronger  HCN  whtch  ,s 
nearly  coincident  in  the  THz  spectrum. 
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atmosphenc  fluctuations)  enoug  o  Xhen  these  contributions  could  be  subtracted 

water  concentration,  temperature,  and  pressure,  ^n  these 

from  the  channels  containing  the  target  greater  simplicity  and  covertness,  but  would 

resonance  scheme  this  has  the  advantage  of  inuch  continuum 

depend  on  a  model  of  the  a  spectroscopist  who  like 

that  the  double  resonance  system  would  offer  considerably  „  er  sp 
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Sorn6  G3S6S  of  Intorost  3t  1  Dilution 


Figure  1 .  Absorption  coefficients  of  some  common  gases  at  1  ppm  dilution. 


SOz  at  1  ppm  Dilution 
100  GHz  Region 


Figure  2.  Spectrum  of  SO2  between 


S02  at  Ippm  Dilution 
1  GHz  Region 


Figure  3.  A  1  GHz  region  of  the  spectrum  of  SO2  at  1  ppm  diiution.  At  Doppler  resolution 
the  linewidths  would  be  ~1/5  of  the  plotter  line  width. 


Some  Gases  of  Interest  at  1  ppm  Dilution 

100  GHz  Region 


Some  Gases  of  Interest  at  1  ppm  Dilution 
Broadened  to  Atmospheric  Width 


For  active  system  with  1  second  integration,  noise  ~1.E-06 
Figure  5.  The  spctrum  of  Figure  1  broadened  to  atmospheric  width. 


Some  Gases  of  Interest  at  i  ppm  umuuom 
in  the  Real  Atmosphere 


1  km 


